Temperature distributions and thermoelectrical performance of a porous FeSi 2 in a steady state of reciprocatory flow combustion have been examined. The temperature gradient between the hot and the cold side of the elements reached about 200 K/cm, resulting in high output power per density of 226 Wh/m 2 . It has been also found that the incoming gases were preheated by the porous element to a temperature where combustion occurs and exhaust gases transferred the thermal energy to the element before leaving the element. This energy recirculation leads to an extension of the flammable limit for dilute fuel gases, equivalence ratio; φ = 0.27. The low conversion efficiency of 0.033% would be attributed to the convective heat loss by the exhaust gases due to the small volumetric surface area inside the porous element.
Introduction
Thermoelectric power generation systems have been extensively studied, and attempts over a long period to improve the thermoelectrical performance have been carried out. 1) Recently, Echigo et al. Have proposed a novel power generation system, using a porous thermoelectric element. 2, 3) In the proposed system, a dilute fuel gas is introduced alternately from both sides of the porous element, and trapezoidal temperature profiles with maximum temperatures high enough to sustain combustion are kept inside the element. 4, 5) The trapezoidal temperature distribution is particularly favorable for thermoelectric power generation, thus the porous element could effectively produce electricity under such a large temperature gradient. Cho and co-workers developed a porous chromel and almel sintered elements having the porosity ratio of about 30%. 6) Yasuda et al. have also synthesized the porous materials of FeSi 2 , PbTe and (Bi, Sb) 2 Te 3 and controlled the porosity ratio up to 35% by newly developed hot-press method. 7, 8) Recently, we have developed a FeSi 2 element with the porosity ratio of 45% via a spark plasma sintering technique. 9) In the reciprocating flow system, it was found that the properties of the porous material, such as porosity ratio and volumetric surface area, were the dominating parameters for combustion, and the temperature distribution was strongly influenced on those properties. 10, 11) Although the porous elements which consists of thermoelectric materials have been developed, there have been few studies of the profiles in the porous elements and the performance of the power generation in a steady state of the reciprocatory flow combustion have not fully been understood.
For high performance, it is necessary to generate high temperature difference and gradients in the porous elements have to be generated with a minimal heat input. The purpose of this study is to clarify the temperature distributions in the pre-viously developed porous FeSi 2 elements, 9) and related heat exchange between the porous element and flowing gases. The thermoelectrical performance, power density (output power per unit inflow/outflow area) and conversion efficiency, are also evaluated to examine in its potential for the power generation as a gas combustion type thermoelectric conversion system.
Experimental

Porous FeSi 2 element
Mn-(p-type) and Co-(n-type) doped FeSi 2 powders were molded into the cylindrical element via a spark plasma sintering (SPS) technique, in which Mn-and Co-doped parts were separated by a thin insulator sheet exclusive of a terminus. The SPS process was described previously. 9) Chemical composition of FeSi 2 powders, Fe 0.95 Si 2.0 Mn 0.05 and Fe 0.95 Si 2.0 Co 0.05 (at%), were prepared by an Ar gas atomizer. As shown in Fig. 1 , the porous element consisted of two semicylindrical p/n couples, arranged electrically in series but thermally in parallel. The size of the element is approximately 30 mm in diameter and 20 mm in length. The Brunauer-Emmett-Teller (BET) method was employed to determine the surface area of the porous medium by measuring the amount of Kr gas adsorbed on the sample surface at liquid nitrogen temperature.
12)
Combustion system
Premixed methane/air mixtures were burned using a previously developed reciprocating flow system. 13) A schematic diagram of the experimental apparatus is shown in 
Experimental procedure
For ignition, an electric heater of Pt wire was set up in the ceramic foam. After preheating of the ceramic foam and the porous FeSi 2 elements, an air and pure methane (99.9%; heating value: 3.98 × 10 4 kJ/m 3 ) mixture with an equivalence ratio φ close to unity was introduced where the flow direction was changed regularly. Here, φ is defined as the methane/air ratio divided by the stoichiometric methane/air ratio [methane/air = 1/9.52(vol/vol)]. Once combustion was stabilized, the electric heater was turned off. The combustion parameters, the equivalence ratio φ of 0.27, gas flow velocity u of 0.61 m/s and half cycle t c of 20 sec was used for all experiments. In order to measure the temperature profiles in the flow direction, Almel-Chromel thermocouples were placed equidistantly along the side of the porous medium (the porous FeSi 2 element and the ceramic foam). During combustion, the output voltage was measured as a function of external load resistance.
Results
Figure 3(a) shows an optical micrograph of the surface of the porous FeSi 2 element. As shown in the figure, spherical FeSi 2 particles consolidated each other, because the reduction of surface area of the particle was the essential driving force for the sintering process. 14) In Fig. 3(b) is shown an optical micrograph of the ceramic foam which was usually used for reciprocatory flow combustion.
15) The pore size was 80 pores per inch. Contrary to the FeSi 2 element, the ceramic foam had the open pore structure of the sponge-like material. Volumetric surface areas of those porous mediums were evaluated with the use of BET method. As shown in Table 1 , it was clearly shown that the volumetric surface area of ceramic foam was about ten times larger than that of the FeSi 2 element. Figure 4 shows the current-voltage characteristics of a pair of the porous FeSi 2 elements as a function of current in a steady state of the reciprocatory gas flow combustion. The maximum generated power reached 160 mW per two elements. Figure 5 shows the development of temperature profiles in the porous medium during one half cycle. The performance of the power generation for this measurements is shown in Fig. 4 . It has been clearly shown that combustion can be sustained by using dilute fuel gases which may not even be normally flammable. The temperature gradient between the hot and the cold side of the elements reached at about 200 K/cm, thus leading to high output power per unit inflow/outflow area of the element of 226 Wh/m 2 .
Discussions
As shown in Fig. 5 , the temperature of the porous elements on the inlet side decreased and temperature on the outlet side increased during one half cycle. The cooling of the porous element on the inlet side is equivalent to the heat release by preheating the incoming premixed gases. Analogously the temperature increase on the outlet side is equivalent to the heat storage by the heat transferred from the exhaust gases to the porous element when they are cooled down before leaving the porous medium. 11) For instance the left hatched area in Fig. 5 corresponds to the integral of the heat release and the right hatched area to the integral of the heat storage over the time from t = 1 s to 20 s. These heat exchange between the working gases and the porous elements leads to an energy recirculation in the porous element, 16) resulting in the extension of the flammable limit for extremely dilute fuel gases, equivalence ratio; φ = 0.27.
The conversion efficiency is characterized by the figure of merit Z which is a combination three transport quantities,
where α is the Seebeck coefficient, ρ is the electrical resistivity and λ is the thermal conductivity. 17) The figure of merit of FeSi 2 alloy is approximately 2 × 10 −4 K −1 averaged over a temperature range RT-1000 K. 17) The electrical resistivity of the porous element was about five times larger than that calculated from the resistivity of the dense FeSi 2 sintered compact. This large resistivity is attributed to the reduction of contact areas between FeSi 2 particles as well as between FeSi 2 and Ni particles because of an immature sintering to form porous structures. 13, 18, 19) Therefore, the figure of merit of the porous element would be estimated to be about 4 × 10 −5 K −1 . For power generation the efficiency η is given by
Here, P is the generated power density, q is the heat input per unit inflow/outflow area, T c and T h are the temperatures of the cold and hot ends, respectively, and γ = (1 + ZT) 1/2 varies with the average temperature T . 17) As shown in Fig. 5 , T c was approximately 500 K and T h was 900 K, thus leading to the theoretical efficiency of the present system of 0.61%.
In the present experiment, gas flow velocity of 0.61 m/s and equivalence ratio of 0.27 have led to a heat input of 684 k Wh/m 2 . Generated power density was 226 Wh/m 2 as in Fig. 4 , resulting in the efficiency of 0.033%. As can be seen in Fig. 5 , the porous element at the outlet side was much warmer than ambient temperature, thus leading to the exhaust temperature rises and the heat storage decreases. This also reflects the dominating influence of the convective heat loss at the outlet side. Hoffmann et al. have investigated the influence of the properties of the porous material on the combustion process. They have found that the convective heat transfer between the working gases and ceramic foam is more effective for a fine porous medium which has a high volumetric surface area. 10) Thus the low efficiency of 0.033% observed in this experiment would be attributed to the convective heat loss by exhaust gases due to the smaller volumetric surface area of the porous FeSi 2 element than that of the ceramic foam, as shown in Table 1 , and a major proportion of input heat to the porous element would be ejected from the downstream sides. Echigo et al. have shown that the minimum required heating value of the gas to sustain combustion in the ceramic foam is roughly around about 10-50 kWh/m 2 , while the maximum generated power was 226 Wh/m 2 in this experiment. These results imply that once we could control the volumetric surface areas of the porous thermoelectric elements by using novel fabrication techniques, such as evacuation casting into the open cellular mold, 20) unidirectional solidification, 21) it would become feasible to increase the conversion efficiency to those theoretically predicted.
Conclusions
Temperature distributions and the thermoelectrical performance of the porous FeSi 2 thermoelectric conversion element in a steady state of reciprocatory flow combustion have been examined. The temperature gradient between the hot and the cold side of the elements reached at about 200 K/cm, leading to high output power per unit inflow/outflow area of the element of 226 Wh/m 2 . It has been found that the heat exchange between the porous element and the working gases leads to an energy recirculation in the porous element, resulting in the extension of the flammable limit for extremely dilute fuel gases, equivalence ratio; φ = 0.27. The low efficiency of 0.033% would be attributed to the convective heat loss by the exhaust gases due to the small volumetric surface area of the porous element.
